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The primary goal of this research was to quantify occurrence frequencies of the two main 
proposed mechanisms of tornadogenesis in quasi-linear convective systems (QLCSs), namely, 
tilting and stretching (T&S) and HSI and stretching (H&S). This research then sought to investigate 
differences and similarities between the characteristics of the T&S- and H&S- associated 
tornadoes and their supporting environments. A combined Doppler radar, tornado report, and 
environment dataset was compiled for this purpose.  Lastly, this research aimed to quantify 
National Weather Service (NWS) warning performance for both mechanisms. 
 From a strict consideration of only the first tornado generated by a QLCS during 2016-
2018, 152 QLCS tornado cases were identified. Of these, 145 where determined to be the result 
of T&S, and 7 where determined to be the result of H&S, indicating that T&S is far more likely to 
be the tornadogenesis mechanism of the first tornado in a QLCS. QLCS tornadoes tended to be 
focused in the southern U.S. during winter and spring and the northern U.S. during summer. 
Tornadogenesis through H&S occurred relatively earlier in the year and earlier in the day, and 
resulted in relatively weaker tornadoes than did tornadogenesis through T&S. Environmental 
analysis showed that H&S environments had relatively lower values of CAPE and relatively higher 
values of low-level shear compared to T&S. Analysis of NWS warnings showed that H&S 
tornadoes had relatively lower tornado warning frequencies than did T&S tornadoes, while 
having, on average, half the warning lead time. Finally, based on a consideration of pre-tornadic 
Doppler radar data, it was found that H&S low-level circulations tended to form more rapidly 
than did T&S low-level circulations, thus providing less potential lead time. 
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CHAPTER 1: INTRODCUTION 
 
1.1 Forecasting Challenges of Quasi-Linear Convective System Tornadoes 
A quasi-linear convective system (QLCS) is a specific representation of a mesoscale convective 
system and occurs when the contributing convective cells are linearly aligned with a long axis of 
50-100 km (Weisman and Davis 1998).  Squall lines and bow echoes are examples of QLCSs. The 
primary hazards associated with QLCSs are flash flooding and straight-line winds, but these 
systems also produce tornadoes (e.g. Gallus et al. 2008). This research is fundamentally 
interested in the formation of QLCS tornadoes, which often have high impact on society. 
 QLCSs are responsible for nearly 25% of tornadoes annually (Trapp et al. 2005; Smith et 
al. 2012). However, when looking at specific regions within the United States, namely, the 
Midwest and Southeast, the percentage of QLCS tornadoes grows to closer to 50% (Trapp et al. 
2005; Smith et al. 2012). It is also noted that QLCS tornadoes are more likely to occur during the 
cool season, October-March, and during the overnight hours, as compared to supercell tornadoes 
(Trapp et al. 2005). Because this time of year and time of day is outside the climatological 
occurrence peaks for tornadoes (e.g., Brooks et al. 2003), the situational awareness of tornado 
potential is often reduced in operational forecasting offices. 
 QLCS tornadoes are well known to contribute to decreased forecast skill. The likelihood 
of a given tornado having a tornado warning, otherwise known as Probability of Detection (POD), 
is much lower for QLCS tornadoes compared to supercell tornadoes (Brotzge et al. 2013). This is 
hypothesized to be partly the result of the often, simultaneous existence of numerous potentially 
tornadic circulations along the 50-100 km leading edge of the QLCS (e.g., Atkins et al. 2004).  QLCS 
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tornadoes also tend to form over a shallower layer compared to supercells (e.g., Trapp et al. 
1999; Davis and Parker 2014), which leads to more potential for radar beam overshoot and thus 
lower POD. This has also been noted by Brotzge et al. (2013), who additionally showed a 
significant drop in POD with tornado distance from radar. Radar detection of the parent 
circulations that produce these tornadoes is also relatively more difficult because of the rapid 
development of these circulations (e.g. Trapp et al. 1999; Davis and Parker 2014). Finally, QLCS 
motions tend to fast, especially in transitional seasons, further adding to the operational 
forecasting challenges of QLCS tornadoes. 
 When considering POD as well as warning lead time, it is shown that approximately less 
than half of QLCS tornadoes have warnings, and that their average lead time is approximately 12 
minutes. This is far lower than the POD of supercell tornadoes, which have average lead times of 
approximately 17 minutes (Brotzge et al. 2013). These warning attributes likely contribute to a 
much higher fatality and injury rate per tornado in QLCS tornadoes compared to tornadoes 
associated with other convective modes (Brotzge et al. 2013). 
 Efforts to reduce the human impact of QLCS tornadoes through improved forecasting and 
nowcasting are ongoing. For example, Schaumann and Przybylinski (2012) developed a 
nowcasting technique for diagnosing the likely tornado-producing segments along the QLCS. The 
technique involves an evaluation of the 0-3 km bulk wind difference (BWD) and the use of other 
environmental information to estimate the QLCS-relative motion and QLCS cold pool speed (c). 
Doppler radar is also used to deduce the vertical structure of QLCS. A combination of this 
information helps to determine where, along the QLCS, the cold pool and environmental shear 
are in near balance per “RKW” theory (Rotunno et al. 1988), and thus where relatively deeper 
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and more upright updrafts exist along the QLCS. If the 0-3 km shear has a segment-normal 
component ≥ 15 m/s at these QLCS locations, then the formation of tornado-producing 
mesovortices is considered likely. Schaumann and Przybylinski (2012) claim that this technique is 
skillful. However, it implicitly assumes QLCS tornado formation through a mechanism involving 
the tilting of horizontal vorticity and subsequent vertical stretching. As discussed in the next 
section, QLCS tornadoes are known to have another genesis mechanism, or “mode”, and it is 
unclear how the Schaumann and Przybylinski technique applies to this mode.  
1.2 The Formation of Quasi-Linear Convective System Tornadoes 
Previous work on QLCS tornado formation is limited when compared to the large body of 
research on supercell tornado formation. Some of the understanding of QLCS tornadogenesis 
owes to Carbone (1982), who analyzed a cold-frontal rain band (essentially a QLCS) that occurred 
in the Central Valley of California on 05 February 1978. Tornado damage was observed along a 
portion of the band. The triple-Doppler radar analysis of this band revealed strong low-level 
horizontal shear across the cold front which resulted in small vortices at roughly equal intervals 
along the front. Carbone’s analysis and theoretical reasoning led him to conclude that the 
vortices formed through the release of horizontal shearing instability (HSI), which is a specific 
form of Kelvin-Helmholtz instability.  
Later modeling studies supported this basic conclusion, but also added details to the 
overall tornadogenesis mechanism. The simulations of Lee and Wilhelmson (1997) showed the 
development of vortices – “misovortices” – owing to the release of HSI along the leading edge of 
a density current and associated horizontal shear zone (Fig. 1.1). The vortices then acted to locally 
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enhance low-level horizontal convergence and moisture on the misovortex flanks. These 
enhancements promoted the initiation of new updrafts or updrafts cores in the convergence 
zones north of the vortex centers, as also shown by Marquis at al. (2007). Finally, these new, 
rapidly growing updrafts vertically stretched and vertically advected the low-level vertical 
vorticity within the shear zone, thus resulting in tornadogenesis. Note that this mechanism of 
tornadogenesis results from the stretching of a low-level vortex and does not require the 
existence of a mid-level mesocyclonic vortex.  
More recent studies provide further support of the proposed role of HSI in vortexgenesis. 
Idealized simulations by Buban and Ziegler (2015) showed the development of misocyclonic 
vortices via the release of HSI in near-surface boundaries.  Dual-Doppler radar observations were 
used by Conrad and Knupp (2019) to demonstrate that HSI was involved in the formation of an 
EF-1 tornado that occurred within a QLCS near Albertville, Alabama, on 04 January 2015.  Conrad 
and Knupp (2019) used 3-D wind fields retrieved from their dual-Doppler analysis to examine 
criteria necessary for HSI. They determined that the Rayleigh and Fjørtoft instability criteria were 
met, implying that the necessary conditions for HSI were present in this case. 
 As implied in the previous section, the processes fundamental to the tornadogenesis 
mechanism involving HSI are not well represented in the Schaumann and Przybylinski (2012) 
nowcasting technique. Instead, this technique is based on a mechanism involving the tilting of 
horizontal vorticity into the vertical, and subsequent stretching of the now vertical vorticity into 
a tornado strength vortex. Trapp and Weisman (2003) and Weisman and Trapp (2003) introduced 
a conceptual model of such QLCS mesovortex generation whereby baroclinically generated 
horizontal vorticity is tilted by the downdrafts within the QLCS to result in a pair of counter 
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rotating vortices (Fig 1.2). These vortices can then undergo further intensification through 
vertical stretching, leading to a mesovortex and ultimately a tornado strength vortex. Later 
modeling studies (e.g. Atkins and St. Laurent 2009; Parker et al. 2020) illustrate the same basic 
mechanism, albeit with slight differences in the tilting of the horizontal vorticity and subsequent 
processes, but further support the existence of this additional mode of QLCS tornadogenesis. 
Note, this mechanism differs from the HSI mechanism in that a mid-level mesovortex should 
proceed tornadogenesis. 
It is not clear from the documented cases in the literature how frequent the HSI-based 
mechanism of QLCS tornadogenesis occurs as compared to the tilting-and-stretching mechanism. 
Existing climatological studies (Trapp et al. 2005; Smith et al. 2012; Walker et al. 2019) have only 
investigated the basic existence of QLCS tornadoes, and the characteristics of the tornado 
occurrence. This motivates the research herein, which will seek to quantify the frequency of 
these two QLCS tornadogenesis mechanisms. This study will also investigate any relationships 
between environmental parameters and the two mechanisms of tornadogenesis. This is 
motivated by the fact that existing climatological studies have only evaluated the environments 
of QLCS tornadoes compared to environments of supercell tornadoes, and therefore have not 
considered possible environmental controls on tornadogenesis mechanisms. It is anticipated that 
a better understanding of these mechanisms, and of their relationships with environmental 







Figure 1.1: Time sequence of the leading edge of a simulated outflow boundary, illustrating 
the release of HSI. This features the development of multiple misocyclone circulations. 
Note, the change in shading represents the approximate -3 K perturbation potential 




Figure 1.2: Example schematic of the proposed mechanism of the tilting of horizontal 
vorticity for low-level mesovortexgenesis within a QLCS from Trapp & Weisman (2003). 
Schematic illustrates the vertical tilting of the vortex lines (bold black lines) by a 
downdraft (black arrows), leading to the development of a surface vortex couplet. 
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1.3 Study Objectives 
The primary objective of this study is to investigate the frequency and other climatological 
characteristics of the two main mechanisms of tornadogenesis in QLCSs. To meet this objective, 
a basic dataset of tornadic QLCSs will be created, with the inclusion of a radar-based 
classification of the most-likely tornadogenesis mechanism for each tornado. Relationships 
between the convective environments and the tornadogenesis mechanism will be pursued. 
Lastly, an investigation of the National Weather Service (NWS) warning performance and 
potential radar-based lead time estimations will be investigated. 
 The study methodology and data analysis are designed to address three hypotheses 
related to QLCS tornadoes. The first hypothesis is that HSI-associated tornadoes are more likely 
to occur during the cool season (October-March), and during the overnight hours, compared to 
tilting-associated tornadoes. The second hypothesis is that tornadogenesis via HSI-associated 
tornadoes will occur relatively more rapidly compared to tilting-associated tornadoes. The third 
hypothesis is that HSI will result in relatively weaker QLCS tornadoes. 
As noted, it is anticipated that a better understanding of QLCS tornadoes, their 
relationships with environmental parameters, and their potential lead times, can be used to gain 
increased forecast skill and situational awareness for a tornadic QLCS. 
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CHAPTER 2: METHODOLOGY 
2.1 Creation of Tornadic QLCS Dataset 
A dataset of tornadic QLCSs was created to help analyze various characteristics of each tornadic 
QLCS. The tornadic QLCSs were identified using the Storm Prediction Center (SPC) Severe 
Weather Events dataset (https://www.spc.noaa.gov/exper/archive/events/) and composite radar 
reflectivity images (https://www2.mmm.ucar.edu/imagearchive/). Each severe weather event for 
the years 2016-2018 was investigated for the existence of a tornadic QLCS. A QLCS was defined 
based on the existence of contiguous radar reflectivity greater than 40 dBZ over at least 50 km in 
any one direction. These criteria are consistent with other studies that classified convective mode 
using radar data (e.g., Trapp et al. 2005, Gallus et al. 2008, Smith et al. 2012). A tornadic QLCS 
was then defined as a QLCS that produced at least one tornado while meeting the QLCS criteria; 
an example of this is presented in Fig. 2.1. If multiple tornadic QLCSs occurred within the same 
severe weather event day, which was from 12 UTC to 12 UTC, only the first QLCS was considered. 
Serial derechos or long-lived persistent QLCS that lasted into multiple severe weather days were 
only considered once if the same QLCS did not dissipate.  If a new QLCS developed adjacent to 
the previous day’s QLCS, this was then considered as a separate event. Finally, only the initial 
tornado from a QLCS was used for the analysis. This was done to avoid possible confusion arising 
from the existence of prior circulations as well as other circulations in close spatial proximity, 
thus potentially making unambiguous identification of tornadogenesis more difficult.  
 Exceptions to these rules were allowed for events on 6 March 2017 and 31 October 2018. 
For 6 March 2017, the first tornado of the QLCS could not be sampled because it was beyond the 
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radar range where low-level data are possible. However, another tornado occurred within range 
of the radar shortly after the first tornado. It was included because it was sufficiently far from the 
other tornadic circulation. On 31 October 2018, two tornadic QLCSs occurred: an earlier one that 
produced only a single weak tornado, and a later one that produced multiple tornadoes. These 
two QLCSs were spatially and temporally separated from each other. The decision was made to 
include both cases in the dataset.  
The date, time, latitude, longitude and EF-rating were obtained for each case (see 
Appendix A) from the SPC dataset (https://www.spc.noaa.gov/wcm/#data). If a reported tornado 
was not found in this official, quality-controlled dataset then the case was removed. Note that 
28 March 2017 was not removed from consideration even though it was rated as EF-Unknown, 
but this case was not used in the analysis of tornadogenesis as a function of EF-rating. As 
described in more detail in the next section, other basis for case removal included: issues with 
radar sampling, specifically, tornado occurrence too far from the nearest NEXRAD radar site to 
be able to retrieve a low-level elevation scan below 2 km; missing or erroneous radar data at the 
time of tornado occurrence; and the lack of an apparent rotational signature on radar and issues 






Figure 2.1. Example of a tornadic QLCS included in the dataset: (a) Composite radar 




2.2 Manual Radar Analysis of Tornadogenesis Mechanisms 
The tornadic QLCS dataset provided the basis for a radar-based classification of the most-likely 
tornadogenesis mechanism, or “mode”, in each case. Toward this end, archived, single-site, 
NEXRAD Level II data were manually analyzed using the Gibson Ridge radar software 
(GR2Analyst). Although 3D winds retrieved from multiple Doppler radars would be optimum for 
the purpose of this study (e.g., Conrad and Knupp 2019), the use of single Doppler radar data has 
the advantage of allowing for many more potential cases for analysis, i.e., cases are not bound 
by the necessity that the tornado occur within dual-Doppler lobes. Additionally, this single-site 
NEXRAD approach allows for an easier research-to-operations transition of the results herein, 
meaning that operational forecasters could potentially use the results in their operational 
warning processes. 
The tornadogenesis classification scheme was based on stringent radar-based criteria to 
separate the most likely mode that produced the tornado.  Two basic modes were considered. 
The first is the tilting of horizontal vorticity and subsequent stretching of the now vertical 
vorticity, and is hereafter referred to as “Tilting and Stretching” (T&S). The second is the release 
of horizontal shearing instability (HSI) and subsequent stretching of discrete vertical vorticity, and 
is hereafter referred to as “HSI” and Stretching” (H&S). The radar-based assessment of these two 
modes are described next. 
2.2.1 Tornadogenesis Mechanism: Tilting and Stretching (T&S) 
This mode was characterized in the radar data by the pre-existence of mid-level (at or above 2 
km AGL) rotation prior to the time of tornadogenesis. Following other studies that used radar-
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based criteria to identify mesocyclones in supercells (Smith et al. 2012), mid-level rotation was 
defined here by the presence of a Doppler-velocity couplet with a differential velocity (∆𝑉) of at 
least 10 m/s between inbound and outbound velocity peaks. This ∆𝑉 criterion needed to be met 
at a height at or above 2 km to be a considered mid-level, and be identified in at least three radar 
volume scans, or approximately 15 minutes, prior to tornadogenesis. Note that to more readily 
identify these circulations given strong background flow often associated with QLCSs, especially 
in the mid to upper-levels of the storm, storm-relative velocity was used in the assessment of 
∆𝑉, with a storm motion vector either estimated from radar or based on NWS tornado warning 
text. This does not affect the values of ∆𝑉, however.  An example of how T&S is identified is 




  Figure 2.2: Example T&S manual radar analysis on 23 February 2016 using data from KLIX 
(Slidell, LA). a) base reflectivity (dBZ) at 0.5° elevation angle, b) storm relative velocity 
(Knots) at 0.5° elevation angle, c) base reflectivity (dBZ) at 4.0° elevation angle and d) 
storm relative velocity (Knots) at 4.0° elevation angle, all at 21:23 UTC. With e) base 
reflectivity (dBZ) at 0.5° elevation angle, f) storm relative velocity (Knots) at 0.5° elevation 
angle, g) base reflectivity (dBZ) at 4.0° elevation angle and h) storm relative velocity at 4.0° 
elevation angle, all at 21:49 UTC. 
23 February 2016 KLIX 21:23 UTC  
23 February 2016 KLIX 21:49 UTC  
15 
 
2.2.2 Tornadogenesis Mechanism: HSI and Stretching (H&S) 
This mode was characterized by radar-based evidence of a “breakdown” of the velocity shear 
zone within the leading edge of the QLCS into discrete vortices, as would occur during the release 
of HSI. A requirement for this mode was the absence of a mid-level circulation. Specifically, there 
could not be any evidence of a mid-level circulation, as outlined previously, prior to three radar 
volume scans or approximately 15 minutes of tornadogenesis.  The circulation instead needed to 
have developed within the low-levels (below 2 km AGL) first along the shear zone of the QLCS 
and needed to have a ∆𝑉 of at least 10 m/s prior to tornadogenesis. Note that an extension of 
the low-level circulation into the mid-levels was acceptable but it was necessary for the low-level 
circulation to intensify first before the mid-level circulation and only within approximately 10 
minutes of tornadogenesis. Another requirement for this mode was the development of an 
adjacent circulation or circulations in low levels within 25 km and within three radar volume scans 
or approximately 15 min of the tornadic circulation. This adjacent circulation did not need to have 
produced a tornado but needed to be evident on radar with a ∆𝑉 of at least a 10 m/s. The 
adjacent circulation requirement follows from the known emergence of multiple vortices upon 
HSI release, as seen in numerical simulations (Lee and Wilhelmson 1997) and observations 
(Carbone 1982).  
This classification scheme was applied to the tornadic QLCS that occurred on 4 January 
2015 in Albertville, Alabama, which was one of the cases presented in Conrad and Knupp (2019). 
They used the 3D winds retrieved from a dual-Doppler analysis to evaluate the Rayleigh and 
Fjørtoft criteria. Both criteria were satisfied, meaning that the necessary but not sufficient criteria 
for determining HSI were met in this case.  As depicted in Fig. 2.3, the H&S requirements using 
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the single radar approach described above were also met.  This agreement between Conrad and 
Knupp’s findings with this study’s findings provides confidence in the single-site radar 






4 January 2015 KHTX 01:20 UTC  
Figure 2.3: Example H&S manual radar analysis on 04 January 2015 using data from KHTX 
(Huntsville, AL). a) base reflectivity (dBZ) at 0.5° elevation angle, b) storm relative velocity 
(Knots) at 0.5° elevation angle, c) base reflectivity (dBZ) at 1.4° elevation angle and d) 
storm relative velocity (Knots) at 1.4° elevation angle, all at 01:20 UTC. With e) base 
reflectivity (dBZ) at 0.5° elevation angle, f) storm relative velocity (Knots) at 0.5° elevation 
angle, g) base reflectivity (dBZ) at 1.4° elevation angle and h) storm relative velocity 
(Knots) at 1.4° elevation angle, all at 01:42 UTC. With i) base reflectivity (dBZ) at 0.5° 
elevation angle, j) storm relative velocity (Knots) at 0.5° elevation angle, k) base 
reflectivity (dBZ) at 1.4° elevation angle and l) storm relative velocity (Knots) at 1.4° 






4 January 2015 KHTX 01:42 UTC  
4 January 2015 KHTX 01:54 UTC  
Figure 2.3 (cont.) 
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2.3 Analysis of Pre-Tornadic QLCS Environments 
The next part of this study was designed to investigate possible relationships between pre-
tornadic convective environments and tornadogenesis mode. These relationships could help 
with forecasting and situational awareness before and during tornadic QLCS events. For 
example, one hypothesis is that the H&S mode is more frequent in the cool season (October–
March) and results from more highly sheared environments than the T&S mode. To help test 
this hypothesis, model-based soundings have been analyzed instead of observed soundings.  
This was done because observed soundings often lack enough spatial and temporal resolution 
of the pre-tornadic convective environment due to sounding launch locations being 100’s of km 
apart and launches being at a minimum of twice daily. Also, it has been found in previous 
studies that model-based soundings provide a reasonable estimation of the convective 
environment (Markowski et al. 2003, Thompson et al. 2003). 
For this study, 13 km Rapid Refresh (RAP) model data were chosen. Archived RAP data 
are readily available at one-hour time increments. Based on the findings of Potvin et al. (2010), 
who determined that the optimum environment is within 40-80 km and 1-2 hours of the storm 
or event for proximity soundings, the analysis domain for each case was originally a box with 
dimensions of 130 km by 130 km centered about the nearest grid point to the location of 
tornadogenesis. This domain was later modified to reduce biases introduced by trailing 
boundaries captured by this sampling method. Specifically, a rectangle whose dimensions were 
91 km in the west-east direction, and 130 km in the north-south direction, was positioned such 
that the grid point nearest to tornadogenesis was only two grid points or 26 km from the 
western edge of the domain (Fig. 2.4). This significantly reduced the impacts of frontal 
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boundaries. To further remove possible effects of model precipitation and any other 
boundaries in the domain, a data mask of (1 km) radar reflectivity less than 20 dBZ and a most-
unstable (MU) Convective Available Potential Energy (CAPE) mask of less than 50 J/kg was 
applied.  
 Using the RAP data over the analysis domain, kinematic, thermodynamic and composite 
parameters were calculated using MetPy or separate python code. These calculations were 
performed at every unmasked grid point, at the second nearest RAP time to tornadogenesis, 
and thus at a minimum of 1 hour and a maximum of 1 hour and 59 minutes prior to 
tornadogenesis; this ensured that the pre-tornadic convective environment was captured. In 
total, 30 different variables and composite parameters were calculated and investigated (see 
Table 2.1). For each variable, the maximum value, the value at the maximum 100 hPa mixed-
layer (ML) CAPE, and the spatial mean, spatial median and spatial standard deviation were all 
calculated. Note that 5 cases (see Appendix A) were excluded from this analysis because of 























Figure 2.4: Diagram of sampling 






100 hPa Mixed-Layer CAPE 0-3 km CIN 3-6 km Lapse Rates 
100 hPa Mixed-Layer CIN Lifted Index 0-3 km Relative Humidity 
RAP Surface-Based CAPE 0-8 km Bulk Shear 3-6 km Relative Humidity 
RAP Surface-Based CIN 0-6 km Bulk Shear 0-3 km Energy Helicity Index 
Surface-Based CAPE 0-3 km Bulk Shear 0-1 km Energy Helicity Index 
Surface-Based CIN 0-1 km Bulk Shear Supercell Composite (SCP) 
Most-Unstable CAPE 0-3 km Storm Relative 
Helicity (Bunker’s Right) 
Significant Tornado 
Parameter (STP) 
Most-Unstable CIN 0-1 km Storm Relative 
Helicity (Bunker’s Right) 
Lifted Condensation Level 
Pressure 
0-3 km CAPE 0-3 km Lapse Rates 500 hPa Frontogenesis 
700 hPa Frontogenesis 850 hPa Frontogenesis 925 hPa Frontogenesis 
Table 2.1: List of variables used in RAP environmental analysis. 
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2.4 NWS Warning Performance and Lead Time Estimation 
The final part of this study was designed to quantify the warning performance and 
estimate the radar-based lead time of the QLCS tornadoes in this dataset. An analysis of the 
warning performance of the first tornado to occur in a QLCS from this dataset can be used by 
operational forecasters to gain an understanding of the current warning lead time performance 
and means of improving lead time. To quantify the NWS warning lead time for each event, 
GR2Analyst was used to determine if either a severe thunderstorm warning or a tornado warning 
was issued prior to tornadogenesis. The issuance time of the first warning to include the location 
of tornadogenesis in the warning box was used and subtracted from the time of tornadogenesis 
to generate a lead time; if no warning was issued, the lead time was zero.  
Separately, an investigation of the performance of only the tornado warnings was 
conducted. If a tornado warning was issued prior to the time of tornadogenesis, the 
tornadogenesis time was subtracted from the time of warning issuance to calculate a lead time. 
If a tornado warning was instead issued for the same convective region of the QLCS but up to 15 
minutes after the time of tornadogenesis, that time was then subtracted from the time of 
tornadogenesis to calculate a negative lead time. This was done to recover some of the tornadoes 
that were detected by an NWS forecaster, but the forecaster presumably did not react fast 
enough to the radar and other data to issue a warning prior to tornadogenesis. Because most 
tornadoes in the dataset either dissipated or moved out of the region of tornadogenesis after 15 
minutes, a longer time was not considered. 
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 Finally, the maximum potential operational warning lead time, or lack of, for each of the 
tornadoes in this dataset was quantified. Lead time was estimated by manually analyzing radar 
data to find the time that the pre-tornadic circulation first had a ∆𝑉 of at least 10 m/s. Both H&S 
and T&S tornadoes were investigated for this to occur in the low-levels (less than 2 km AGL), and 
T&S tornadoes were investigated for this occur in the mid-levels (greater than 2 km AGL). These 
times were estimated using the same NEXRAD site used for the analysis of the tornadogenesis 





CHAPTER 3: RESULTS 
3.1 Manual Radar Analysis and Basic Dataset 
The procedure outlined in Chapter 2, in which the first tornado generated by the QLCS was 
manually analyzed, yielded a total of 152 QLCS tornadoes. Of these QLCS tornadoes, 145 were 
determined to be the result of T&S, and 7 were determined to be the result of H&S. These 
findings show that the tornadogenesis of the first tornado in a QLCS is far more likely to be 
through T&S rather than through H&S. The limited number of H&S cases makes direct 
comparisons with T&S cases difficult, so relative frequencies of different aspects of the initial 
tornado of the QLCS were computed. The statistics associated with the H&S cases should be 
viewed with this limited number in mind. 
 The regional variability of QLCS tornadogenesis was also investigated. A plot of the 
location all QLCS tornadoes, separated by season and tornadogenesis mechanism in this dataset, 
(Fig. 3.1) shows that both T&S and H&S are possible throughout United States, east of the Rocky 
Mountains. Approximately 37% of all cases are clustered in the southern half of the United States 
(<36.5° latitude) and are most frequent there in winter and spring; this is consistent with Smith 
et al. (2012), who used a much larger dataset. QLCS tornado occurrence in the northern half of 
the United States (>36.5° latitude) is most common during summer. Approximately 29% of all 
QLCS tornadoes occur in the northern-U.S. (>36.5° latitude) are formed through T&S during 
summer. The H&S cases in this dataset are divided nearly equally in their occurrence in the 
northern and southern United States. 
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 Investigating this seasonal variability further indicates that H&S frequency is maximized 
during winter (Fig. 3.2), with approximately 57% of H&S events occurring during the cool season 
(October-March). T&S frequency is maximized during spring, with approximately 65% of T&S 
events occurring with spring and summer. To generalize, the H&S frequency is highest earlier in 
the year compared to T&S frequency. 
 Next, the possible dependence of QLCS tornadogenesis mechanism on time of day was 
investigated.  Figure 3.3 indicates that H&S frequency is maximized between 15:00-20:59 UTC, 
with approximately 70% occurring during this midmorning–midafternoon time frame. Figure 3.3 
additionally indicates that T&S frequency is maximized between 21:00-02:59 UTC, with 
approximately 45% occurring within this midafternoon–midevening time frame. Increasing the 
time frame to 15:00-02:59 UTC shows that approximately 70% of T&S events occurred during this 
time frame. H&S frequency is shown here to peak earlier in the day, 15:00-20:59 UTC, compared 
to T&S, which peaks during 21:00-2:59 UTC. 
 Lastly, possible relationships between the EF (Enhanced Fujita) rating of each QLCS 
tornado and the tornadogenesis mechanism were investigated. In this dataset, approximately 
70% of H&S tornadoes were rated as EF-0, while approximately 45% of T&S tornadoes were rated 
as EF-0 and another 45% were rated as EF-1 (Fig. 3.4). This would appear to support the 
hypothesis that H&S tornadoes are relatively weaker than T&S tornadoes. However, both H&S 
and T&S tornadoes were rated as significant tornadoes (EF-2+) approximately 10% of the time. 
This analysis indicates that both H&S and T&S mechanisms yield tornadoes that are mostly weak 
(EF-0 to EF-1), with tornadoes rated as significant (EF-2+) being very infrequent. This general 








Figure 3.2: The QLCS tornadogenesis mechanism versus season of occurrence, where 
winter is December-January-February, spring is March-April-May, summer is June-July-
August, and fall is September-October-November. 











































































3.2 Analysis of Pre-Tornadic QLCS Environments 
As described in Chapter 2 and motivated in Chapter 1, the pre-tornadic QLCS environments were 
analyzed to investigate possible differences in environmental conditions most supportive of the 
two tornadogenesis mechanisms. A mix of thermodynamic, kinematic and composite parameters 
were considered (Table 2.1). Results shown in this section are based on the spatial mean across 
the domain for each variable, which appears to best represent the overall convective 
environment across the domain. However, results using the other methods mentioned in Chapter 
2 are similar.  
 Thermodynamic parameters are considered first. It is shown in Fig. 3.5 that H&S 
environments are characterized by relatively lower values of 100 hPa Mixed-Layer (ML) 
Convective Available Potential Energy (CAPE) and Most-Unstable (MU) CAPE, but the range of 
values for H&S environments overlap significantly with those of T&S. H&S and T&S environments 
are both characterized primarily by MLCAPE and MUCAPE values less than 1500 J/kg. It is shown 
in Fig. 3.6 that H&S environments are characterized by higher values of Surface-Based (SB) Lifted 
Condensation Level (LCL) pressure than T&S environments, with H&S environments having mean 
values of approximately 975 hPa, while T&S environments have values of approximately 950 hPa. 
This indicates that the typical cloud base of an H&S QLCS is somewhat lower to the surface 
compared to a T&S QLCS. Finally, H&S environments are characterized by lower 0-3 km lapse 
rates relative to T&S environments, with H&S environments being characterized by mean values 
of 5.5°C/km compared to approximately 6°C/km for T&S environments (Fig. 3.7).  
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 Next, different kinematic parameters were investigated. Starting with deep-layer shear, 
it is noted that there is no clear distinction between H&S and T&S environments in terms of 0-8 
km and 0-6 km bulk shear (Fig. 3.8). Mean values for H&S and T&S environments are 
approximately 27 m/s for 0-8 km bulk shear, and 25 m/s for 0-6 km bulk shear. For 0-3 km bulk 
shear and 0-1 km bulk shear, H&S environments have relatively higher values when compared to 
T&S environments (Fig. 3.9), with less overlap in the 0-3 km bulk shear distributions between 
H&S and T&S. Mean values for H&S environments are approximately 20 m/s of 0-3 km bulk shear 
and of 13 m/s 0-1 km bulk shear, compared to T&S environments with approximately 17 m/s of 
0-3 km bulk shear and 11 m/s of 0-1 km bulk shear. Lastly, storm relative helicity (SRH) has a 
similar relationship as 0-1 and 0-3 km bulk shear, with H&S environments having relatively higher 
values of 0-3 and 0-1 km SRH, and with less overlap in the 0-3 km SRH distributions between H&S 
and T&S (Fig. 3.10). Mean values for H&S environments are approximately 325 m2/s2 0-3 km SRH 
and 225 m2/s2 0-1 km SRH, compared to approximately 250 m2/s2 0-3 km SRH and 150 m2/s2 0-1 
km SRH for T&S environments. These findings indicate that H&S environments are characterized 
by relatively higher values of low-level shear compared to T&S environments, which appears to 
support the hypothesis regarding higher shear with the H&S mechanism. 
 Finally, two composite parameters that combine various thermodynamic and kinematic 
variables are considered. The first is the supercell composite parameter (SCP), which includes 
MUCAPE, effective SRH, effective BWD and MUCIN (Thompson et al. 2003). SCP is primarily used 
for forecasting supercells but can be used to gauge the overall likelihood of organized convection, 
including QLCS and QLCS tornadoes. Figure 3.11a indicates that H&S environments have 
relatively higher values of SCP compared to T&S environments. This is likely the result of the 
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slightly higher values of low-level shear as mentioned previously. The second parameter 
considered is the significant tornado parameter (STP), which includes MLCAPE, effective SRH, 
effective BWD, MLLCL and MLCIN (Thompson et al. 2003). STP values greater than 1 have been 
shown to indicate a greater likelihood of significant (EF-2+) tornadoes (Thompson et al. 2012). 
Figure 3.11b indicates that the distributions of H&S and T&S environments both have mean and 
median values less than 1, and third quartile values less than 1.5. The occurrence of such 
relatively low values is consistent with Fig. 3.4, showing that the majority of the QLCS tornadoes 
are rated as weak (EF-0 to EF-1). Note that there is no clear distinction between H&S and T&S 
environments in terms of STP. 
 An investigation of frontogenesis within the QLCS environment was pursued as well. This 
was done because it was hypothesized that a potential source of vertical vorticity for the HSI in 
H&S cases was from frontal boundaries adjacent to the QLCS. Mean values of frontogenesis at 
the 925 hPa, 850 hPa, 700 hPa, and 500 hPa pressure levels are not significantly different 
between H&S and T&S environments. It is noted that the H&S and T&S environments had mean 
values of 925 hPa and 850 hPa frontogenesis that were slightly positive, indicating a slightly 
frontogenetic environment (Fig. 3.12). This may indicate that frontal boundaries played a role in 






Figure 3.5: a) Mean spatial MLCAPE (J/Kg) and b) mean spatial MUCAPE versus QLCS 




Figure 3.6: a) Mean spatial LCL Pressure versus QLCS tornadogenesis mechanism.  





Figure 3.8: a) Mean spatial 0-8 km bulk shear (m/s) and b) mean spatial 0-6 km bulk shear 




Figure 3.9: a) Mean spatial 0-3 km bulk shear (m/s) and b) mean spatial 0-1 km bulk shear 




Figure 3.10: a) Mean spatial 0-3 km SRH (m2/s2) and b) mean spatial 0-1 km SRH (m2/s2) 
versus QLCS tornadogenesis mechanism.  
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Figure 3.12: a) Mean spatial 850 hPa frontogenesis (K/100 km/3 hr) and b) mean spatial 




3.3 NWS Warning Performance and Lead Time Estimation 
The final part of this study aimed to quantify the National Weather Service (NWS) warning 
performance for the QLCS tornadoes in this dataset, as well as to estimate the radar-based lead 
time on known tornadic circulations. An analysis of NWS performance across all warning types 
prior to tornadogenesis shows that approximately 30% of H&S as well as T&S tornadoes had a 
tornado warning (Fig. 3.13a). An additional 45% of T&S and 30% of H&S tornadoes had a severe 
thunderstorm warning prior to tornadogenesis. The remaining 45% of H&S and 25% of T&S 
tornadoes had no warning prior to tornadogenesis. These findings indicate a tendency for the 
NWS to under warn a relatively higher proportion of H&S tornadoes compared to T&S tornadoes 
prior to tornadogenesis. 
 As described in Chapter 2, the lead times provided by each warning type have been 
determined and then separated by the tornadogenesis mode. It is shown in Fig. 3.10b that lead 
time decreases from severe thunderstorm warnings to tornado warnings for both H&S and T&S 
tornadoes, with H&S tornadoes having approximately half the lead of T&S tornadoes for both 
warning types (Fig. 3.13b). These findings show that the NWS warning performance for H&S 
tornadoes is relatively lower than that for T&S tornadoes. 
 Focusing more on tornado warnings specifically, and allowing for warnings to be issued 
up to 15 minutes after the time of tornadogenesis, it is shown that the relative frequency of 
tornado warnings is increased across H&S as well as T&S tornadoes, with approximately 70% of 
H&S and 40% of H&S tornadoes now having a tornado warning (Fig. 3.14a). With the inclusion of 
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warnings after the time of tornadogenesis it is expected that lead time will decrease, and this is 
shown in Fig. 3.14b, with T&S tornadoes and H&S tornadoes both having lead times of less than 
5 minutes when accounting for these warnings. It is also seen that lead time for T&S tornadoes 
is approximately 4 minutes, and lead time for H&S tornadoes is only approximately 1 minute. 
Thus, tornadoes forming through H&S and T&S exhibit continued operational challenges, 
especially with warning performance, with H&S tornadoes being especially difficult to warn for 
operationally. 
 Lastly, an estimation of the maximum potential lead time using radar-based circulations 
on the known tornadic circulations was performed. The lead time of a low-level (less than 2 km 
AGL) circulation with a ∆𝑉 of at least 10 m/s was calculated for H&S and T&S tornadoes. These 
calculations indicate that, on average, the T&S mechanism results in the occurrence of a low-
level circulation 12 minutes prior to tornadogenesis. In contrast, the H&S mechanism results in 
the occurrence of a low-level circulation 7 minutes of prior to tornadogenesis (Fig. 3.15a). Thus, 
based on the low-level pre-tornadic circulations, H&S tornadoes inherently have less potential 
lead time than T&S tornadoes. For mid-level circulation (greater than 2 km AGL), most T&S 
tornadoes offered potential lead times between 20-60 minutes prior to tornadogenesis, with 
some cases offering over an hour of lead time based on this mid-level circulation (Fig 3.15b). 
These findings confirm the hypothesis that H&S tornadoes form relatively more rapidly than T&S 
tornadoes, which explains in part the lower warning performance of H&S tornadoes relative to 
T&S tornadoes. T&S tornadoes on the other hand can offer more potential lead time, especially 
given their associated mid-level circulations prior to tornadogenesis. It is hypothesized that the 
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likely relatively higher false-alarm ratios of QLCS tornadoes, however, places a limitation on how 
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T&S H&S
Figure 3.13: a) National Weather Service (NWS) relative warning frequency by warning 
type and b) National Weather Service mean warning lead time (minutes) by warning type 





Figure 3.14: a) Tornado warning relative frequency up to 15 minutes after tornadogenesis 
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Figure 3.15: a) Mean estimated low-level lead time (minutes) versus tornadogenesis 
























CHAPTER 4: CONCLUSIONS 
4.1 Conclusions 
The primary goal of this research was to quantify occurrence frequencies of the two main 
proposed mechanisms of tornadogenesis in QLCSs, namely, tilting and stretching (T&S) and HSI 
and stretching (H&S). This research then sought to investigate differences and similarities 
between the characteristics of the T&S- and H&S- associated tornadoes and their supporting 
environments. A combined Doppler radar, tornado report, and environment dataset was 
compiled for this purpose.  From a strict consideration of only the first tornado generated by a 
QLCS for all tornadic QLCSs during 2016-2018, 152 QLCS tornado cases were identified. Of these, 
145 where determined to be the result of T&S, and 7 where determined to be the result of T&S, 
indicating that T&S is far more likely to be the tornadogenesis mechanism of the first tornado in 
a QLCS.   
 Other aspects of these QLCS tornadoes were then investigated. Geographically, the 
majority of winter and spring QLCS tornadoes from both mechanisms occurred in the southern 
half of the United States (<36.5° latitude). QLCS tornadoes in the northern United States (>36.5° 
latitude) were most common during summer, and many of these were associated with T&S. A 
more detailed examination of this seasonal variability showed that H&S tornadoes peaked in 
winter, compared to T&S tornadoes which peaked in spring. An investigation of the time of day 
for these cases showed that H&S tornadoes peaked earlier in the day, between 15:00-20:59 UTC, 
compared to T&S, 21:00-2:59 UTC. Lastly, a look at EF-Rating of these tornadoes showed that 
approximately 90% of tornadoes for both mechanisms where rated as weak (EF-0 to EF-1) with 
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the remaining approximately 10% being rated as significant (EF2+). Based on this, H&S tornadoes 
are shown to be relatively weaker than T&S tornadoes with a higher percentage of EF-0 
tornadoes. 
 The investigation between tornadogenesis mechanism and their pre-tornadic convective 
environments was performed using various kinematic, thermodynamic and composite 
parameters calculated with RAP analysis data. The spatial mean of each variable over the 91 km 
x 130 km sampling domain was computed. In terms of the thermodynamic variables, H&S 
environments were characterized by slightly lower values of 100 hPa MLCAPE and MUCAPE 
compared to T&S. Both mechanisms where characterized by primarily less than values 1500 J/kg 
of 100 hPa MLCAPE and MUCAPE. H&S environments had relatively higher values of LCL pressure 
compared to T&S environments, indicating relatively lower cloud bases. H&S environments had 
relatively lower values of 0-3 km lapse rates compared to T&S environments, thus indicating less 
instability in the lower levels of the QLCS. 
In terms of kinematic variables, deep-layer shear (0-8 km and 0-6 km bulk shear) was not 
significantly different between the two tornadogenesis mechanisms but was characterized by 
values of 25 m/s for these two parameters. Shear in the lower levels of the atmosphere had more 
of a relationship with tornadogenesis mechanism, with H&S environments having slightly higher 
values of both 0-3 km and 0-1 km bulk shear compared to T&S environments. H&S environments 
were characterized by approximately 20 m/s of 0-3 km bulk shear and 13 m/s of 0-1 km bulk 
shear, while T&S environments were characterized by approximately 17 m/s of 0-3 km bulk shear 
and approximately 11 m/s of 0-1 km bulk shear. Similarly, H&S environments were characterized 
by relatively higher values of 0-3 km and 0-1 km SRH compared to that of T&S environments.  
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Specifically, H&S environments were characterized by approximately 330 m2/s2 of 0-3 km SRH 
and 225 m2/s2 of 0-1 km SRH, while T&S environments were characterized by approximately 250 
m2/s2 of 0-3 km SRH and approximately 150 m2/s2 of 0-1 km SRH. 
 An evaluation of composite parameters revealed that SCP was relatively higher for H&S 
environments compared to T&S environments. This was likely the result of the relatively higher 
values of low-level shear for H&S environments compared to T&S environments. STP was 
characterized primarily by values of less than 1.5. This is consistent with the ratings of these 
tornadoes being rated as weak (EF-0 to EF-1). The combination of these parameters shows that 
both H&S and T&S environments were primarily characterized by high shear and low CAPE, but 
H&S environments had relatively higher values of shear in the low levels compared to T&S 
environments. Frontogenesis did not indicate any clear relationship between the two QLCS 
tornadogenesis mechanisms but was slightly frontogenetic at 925 hPa and 850 hPa for both 
mechanisms, indicating a potential role of frontal boundaries in the formation or influence on 
the pre-tornadic QLCS environments. 
 This study also quantified NWS warning performance between the tornadogenesis modes 
and investigated the potential lead time upon identification of the tornado producing circulation. 
Severe thunderstorm warnings were issued by the NWS approximately 45% of the time for T&S 
tornadoes compared to approximately 27% of the time for H&S tornadoes. For both 
tornadogenesis mechanisms, tornado warnings were issued prior to tornadogenesis 
approximately 30% of the time. However, H&S tornadoes had a higher percentage 
(approximately 40%) of tornadoes with no warnings, compared to approximately 25% of T&S 
tornadoes with no warnings. The H&S warning lead time for H&S tornadoes was approximately 
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half that of T&S tornadoes, regardless of warning type, but mean warning lead type decreased 
for both mechanisms from severe thunderstorm warning to tornado warning. T&S tornadoes had 
approximately 17 minutes of warning lead time on average for severe thunderstorms warnings 
compared to approximately 9 minutes for H&S tornadoes. For tornado warnings, T&S tornadoes 
had approximately 12 minutes of mean warning lead time while T&S tornadoes had 
approximately 5 minutes of mean warning lead time. An allowance for warning issuance up to 15 
minutes after the time of tornadogenesis resulted in relative higher frequencies of warning 
issuance, with approximately 70% for T&S tornadoes and 40% of H&S tornadoes. The effect on 
lead time with the inclusion of these warnings was an overall decrease in warning lead time, with 
H&S tornadoes having approximately 4 minutes of mean warning lead time and H&S tornadoes 
having approximately 1 minute of mean warning lead time. 
 Potential lead time was based on the first identification of a circulation with a ∆𝑉 of at 
least 10 m/s. The mean low-level (less than 2 km AGL) lead time was lower for H&S cases 
compared to T&S cases, with approximately 12 minutes of mean low-level lead time for T&S 
tornadoes compared to approximately 7 minutes for H&S tornadoes. This indicates that H&S 
circulations form relatively more quickly compared to T&S circulations, thus offering less lead 
time. For T&S tornadoes only, most of their mid-level circulations had between 20-60 minutes of 
mean lead time. This indicates that the T&S mechanism has the potential to offer far greater lead 





4.2 Operational Forecasting Applications 
It is hoped that the findings of this study would have direct applications for operational 
forecasting. For example, QLCS tornadoes have a higher likelihood of occurrence in the southern 
half of the United States during winter and spring and the northern half of the United States 
during the summer. QLCS tornadoes also tend to occur more frequently outside the “traditional” 
time of year and time of day in general. Thus, an operational forecaster understanding the 
regional and temporal focus of QLCS tornadoes should have improved situation awareness for 
any potential tornadic QLCS event.  The environmental findings of this study should increase this 
situational awareness. Specifically, QLCS tornadoes tend to occur in high shear, low CAPE 
environments, with H&S environments tending to have relatively more shear in the low levels 
compared to T&S environments.  
Lastly, given an expectation of tornadogenesis via H&S instead of T&S can help an 
operational forecaster anticipate whether the lead time and warning performance might be 
reduced. For example, midlevel pre-tornadic circulations associated with T&S tornadoes can offer 
20-60 minutes of mean lead time prior to tornadogenesis, whereas, H&S tornadoes do not have 
significant midlevel pre-tornadic circulations. Based on low-level circulations, a forecaster should 
expect roughly twice as much lead time for T&S tornadogenesis compared to H&S 
tornadogenesis. 
4.3 Future Directions 
This study considered only the first tornado of the QLCS, which resulted in only 7 H&S cases.  A 
way to further bolster the number of H&S cases would increase the statistical significance of the 
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results. This could be done by including more years in the dataset or including more tornadoes 
after the first tornado of the QLCS. One hypothesis is that as the cold pool develops in a QLCS, a 
more defined shear zone develops, leading to more potential H&S tornadoes.  
 A modeling comparison of the two tornadogenesis mechanisms could also be undertaken. 
This would provide insight into processes not detectable by WSR-88D alone and would allow for 
sensitivity tests between the two tornadogenesis mechanisms and the pre-tornadic convective 
environments. 
 Lastly, multi-radar analyses, used in conjunction with in-situ data (mesonet, soundings, 
etc.) of QLCS tornadoes could help identify important features in the 3-D wind field and the local 
environment. This approach has been used to analyze only a few tornadic QLCS events to date. 
A larger set of such analyses would help provide confidence in the single-radar analyses 
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APPENDIX A: QLCS TORNADO CASE LIST 
The following table provides information for each case used in this study. See Chapter 2 for the 
procedure used in identifying these cases. 
Date Time 
(UTC) 
State Latitude Longitude EF-Rating Tornadogenesis 
Mechanism 
1/21/2016 7:44 FL 30.8969 -86.1972 0 T&S 
2/2/2016 5:02 AL 33.3956 -88.1635 0 T&S 
2/3/2016 19:28 SC 33.9033 -81.0696 0 T&S 
2/15/2016 18:15 MS 32.8155 -89.6062 1 T&S 
2/16/2016 12:10 FL 26.242 -80.1349 1 T&S 
2/23/2016 21:49 MS 30.686 -89.7812 1 T&S 
2/24/2016 18:15 FL 27.0071 -82.1425 0 T&S 
3/1/2016 0:42 AL 33.1181 -86.2246 0 T&S 
3/8/2016 12:30 TX 32.0833 -98.3435 0 T&S 
3/15/2016 0:25 IL 41.5342 -90.3616 2 T&S 
3/23/2016 2:08 TX 32.9404 -97.3815 0 T&S 
3/31/2016 5:19 AL 32.5338 -85.3794 0 T&S 
4/1/2016 21:15 GA 31.17 -82.91 1 T&S 
4/6/2016 4:32 AL 32.5347 -85.5247 0 T&S 
4/11/2016 18:26 AR 33.25 -93.0941 0 T&S 
4/26/2016 17:52 MO 38.6947 -91.2761 1 T&S 
4/27/2016 22:40 IA 40.9911 -94.3531 0 T&S 
4/29/2016 20:26 MS 33.9701 -88.6569 0 T&S 
5/7/2016 21:20 CO 40.4167 -104.119 0 T&S 
5/9/2016 3:34 AR 34.69 -92.61 1 T&S 
5/22/2016 2:10 ND 46.852 -98.5419 0 T&S 
5/24/2016 1:00 KS 37.8645 -99.2707 3 T&S 
5/27/2016 18:28 TX 31.0656 -94.1305 0 T&S 
6/10/2016 1:00 WI 44.3395 -88.4412 0 T&S 
6/16/2016 20:49 WV 39.6498 -80.0719 0 T&S 
6/21/2016 17:29 MD 39.3314 -77.1119 0 T&S 
6/22/2016 7:03 OH 39.5346 -84.1141 1 T&S 
6/25/2016 7:30 WI 44.4902 -88.8254 1 T&S 
7/4/2016 20:27 KY 37.4109 -84.4384 1 T&S 
7/5/2016 0:39 MN 44.33 -93.2 1 T&S 
Table A.1: List of all QLCS tornadoes used in this study, including date, time (UTC), state, 
latitude, longitude, EF-rating and tornadogenesis mechanism. 
56 
 
7/14/2016 18:46 NJ 40.79 -75.09 0 T&S 
7/19/2016 19:34 IA 40.9807 -93.0528 0 T&S 
7/22/2016 19:04 MS 31.5496 -89.1007 0 T&S 
7/23/2016 21:05 IA 42.4393 -91.5984 1 T&S 
8/3/2016 22:28 ND 48.56 -99.61 2 T&S 
8/20/2016 17:42 MI 42.533 -86.023 1 T&S 
8/26/2016 0:25 MO 39.55 -94.39 0 T&S 
10/4/2016 23:27 KS 39.4411 -97.0346 1 T&S 
10/6/2016 3:07 IA 41.4677 -91.097 1 T&S 
11/29/2016 5:40 AL 33.8255 -88.1623 1 T&S 
11/30/2016 17:53 GA 33.6646 -85.1613 0 T&S 
12/17/2016 1:03 AR 34.2187 -92.2704 1 T&S 
12/25/2016 15:44 KS 37.6199 -100.143 0 H&S 
1/2/2017 15:03 TX 31.0707 -94.021 1 T&S 
1/15/2017 1:00 TX 31.0817 -99.2111 2 T&S 
1/19/2017 23:58 AL 33.4785 -86.3045 1 T&S 
1/20/2017 9:35 MS 31.1855 -89.4799 3 T&S 
1/22/2017 19:06 AL 32.1254 -85.957 1 T&S 
2/7/2017 15:16 TN 36.279 -87.5748 0 H&S 
2/14/2017 13:40 TX 29.334 -96.09 0 T&S 
2/19/2017 4:36 TX 29.4907 -98.4991 2 T&S 
2/28/2017 1:54 MI 41.831 -86.2407 1 T&S 
3/6/2017 23:23 IA 42.2348 -94.2041 0 T&S 
3/9/2017 0:42 MO 36.766 -93.8717 0 T&S 
3/24/2017 3:05 LA 31.8527 -93.8726 1 T&S 
3/27/2017 19:27 KY 36.9334 -87.7316 0 T&S 
3/28/2017 21:49 TX 33.6653 -100.514 Unknown T&S 
3/29/2017 19:55 TX 29.6487 -95.071 1 T&S 
4/2/2017 14:15 TX 30.3652 -98.057 0 H&S 
4/4/2017 2:43 AR 36.3604 -93.0267 1 T&S 
4/6/2017 16:09 VA 37.647 -76.435 1 T&S 
4/15/2017 1:50 IA 42.1417 -91.2288 1 T&S 
4/25/2017 4:33 OK 36.3725 -95.3729 1 T&S 
4/26/2017 15:04 AR 35.1855 -93.2909 0 T&S 
4/28/2017 3:53 KY 38.397 -85.596 1 T&S 
4/29/2017 19:24 LA 31.7571 -93.1455 1 T&S 
5/1/2017 18:30 PA 40.911 -80.076 0 T&S 
5/4/2017 17:25 GA 31.3841 -82.9376 0 T&S 
5/10/2017 0:49 IL 39.9516 -88.8247 0 T&S 
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57 
 
5/11/2017 22:11 OK 36.5454 -95.9009 0 T&S 
5/15/2017 23:45 IA 43.1806 -91.9223 0 T&S 
5/17/2017 22:21 WI 44.0965 -91.192 1 T&S 
5/18/2017 21:30 KS 38.35 -98.82 0 T&S 
5/19/2017 19:55 MO 36.76 -94.56 1 T&S 
5/23/2017 15:46 GA 31.6552 -84.8836 0 T&S 
5/24/2017 13:45 GA 34.8186 -84.9512 1 T&S 
5/26/2017 5:45 KS 39.43 -100.44 0 T&S 
5/28/2017 21:53 TX 32.5501 -94.8205 1 T&S 
6/12/2017 0:21 WI 43.6604 -88.2283 0 T&S 
6/13/2017 0:29 SD 45.3122 -97.6343 1 T&S 
6/14/2017 19:49 WI 44.196 -89.207 1 T&S 
6/16/2017 0:10 NE 41.595 -96.4994 1 T&S 
6/17/2017 2:47 MO 39.0678 -94.0939 0 T&S 
6/19/2017 16:20 PA 41.8641 -76.6335 0 T&S 
6/23/2017 21:37 KY 37.5285 -85.7443 1 T&S 
7/1/2017 22:14 ME 44.0597 -70.718 1 T&S 
7/10/2017 19:57 PA 40.828 -80.189 0 T&S 
7/11/2017 7:20 MN 45.3784 -93.2268 0 T&S 
7/19/2017 19:00 MN 44.3831 -95.8188 0 T&S 
8/3/2017 22:10 MI 44.9285 -85.3808 0 T&S 
8/4/2017 21:55 PA 39.8548 -78.15 1 T&S 
8/5/2017 2:47 ME 45.69 -68.69 1 T&S 
8/13/2017 1:00 TX 35.32 -101.71 0 T&S 
8/22/2017 20:23 PA 39.758 -80.2871 1 T&S 
9/4/2017 2:42 OH 40.7892 -82.877 2 T&S 
9/19/2017 21:41 ND 46.66 -98.17 1 T&S 
10/2/2017 23:53 KS 39.3785 -100.122 0 T&S 
10/6/2017 3:06 KS 39.4504 -96.6082 1 T&S 
10/21/2017 0:08 OK 34.8966 -98.2702 1 T&S 
10/22/2017 7:28 AL 34.5746 -87.1057 1 T&S 
10/23/2017 18:52 SC 34.778 -82.085 1 T&S 
11/5/2017 20:09 IN 40.1991 -85.3858 1 T&S 
11/18/2017 16:15 IN 40.3889 -86.7377 0 H&S 
12/4/2017 0:18 MO 38.0386 -92.4879 1 T&S 
12/19/2017 1:31 TX 31.8934 -94.9435 2 T&S 
1/12/2018 3:02 VA 37.4463 -78.0012 1 T&S 
1/21/2018 6:49 AR 35.1771 -92.3648 1 T&S 
1/22/2018 15:16 MS 31.74 -89.48 1 T&S 
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2/7/2018 10:15 MS 32.3963 -88.9137 1 T&S 
2/10/2018 8:53 FL 30.7941 -85.8089 1 T&S 
2/24/2018 23:11 AR 35.4534 -91.0543 0 T&S 
3/10/2018 7:37 MS 32.6555 -90.3754 1 T&S 
3/11/2018 13:10 LA 31.1011 -92.2172 2 T&S 
3/19/2018 22:21 AL 34.4988 -87.7476 1 T&S 
3/27/2018 9:57 TX 29.7624 -97.5736 0 T&S 
4/3/2018 20:45 OH 39.7473 -83.971 1 T&S 
4/6/2018 1:03 MS 32.3694 -89.8975 0 T&S 
4/13/2018 22:46 AR 35.33 -94.1006 1 T&S 
4/15/2018 18:03 SC 33.9101 -81.3645 2 T&S 
5/3/2018 13:22 OK 34.848 -96.759 1 T&S 
5/14/2018 2:53 KS 37.2859 -96.9179 1 T&S 
5/15/2018 19:05 PA 41.5898 -75.3719 1 T&S 
6/3/2018 0:11 PA 40.244 -80.0089 0 T&S 
6/10/2018 19:16 IL 40.0844 -88.3192 0 H&S 
6/11/2018 23:30 NE 40.9726 -96.018 0 T&S 
6/19/2018 20:54 WY 41.4758 -104.903 0 T&S 
6/26/2018 14:41 IL 37.9334 -88.3673 0 T&S 
6/28/2018 17:36 TN 35.7281 -87.322 1 T&S 
7/3/2018 7:29 ND 47.83 -98.72 2 H&S 
7/17/2018 20:00 CT 41.8986 -72.1347 0 T&S 
7/20/2018 17:53 IN 41.3823 -86.2197 0 T&S 
7/30/2018 18:41 KS 37.1074 -97.199 0 T&S 
8/3/2018 23:34 MN 45.1407 -94.7912 0 T&S 
8/16/2018 23:08 IA 41.98 -90.96 0 T&S 
8/19/2018 22:51 MO 37.01 -94.17 0 T&S 
8/20/2018 23:31 IL 41.4267 -88.0027 0 T&S 
8/27/2018 22:17 MN 44.3406 -93.0498 0 T&S 
8/28/2018 20:00 WI 43.7691 -89.5827 1 T&S 
9/4/2018 2:05 MN 43.8443 -91.7903 1 T&S 
9/25/2018 18:30 IA 42.1338 -91.6186 1 T&S 
10/8/2018 21:19 KS 39.8453 -95.6301 0 T&S 
10/13/2018 17:47 TX 32.4282 -96.8961 0 T&S 
10/31/2018 23:48 TX 31.8025 -94.8477 1 T&S 
11/2/2018 19:13 FL 27.8327 -82.7898 1 H&S 
11/5/2018 3:53 KY 37.1589 -86.1549 0 T&S 
11/7/2018 22:35 GA 32.7181 -83.7589 0 T&S 
11/30/2018 3:36 OK 36.3141 -96.0409 0 T&S 
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12/2/2018 19:14 GA 31.2925 -83.0196 0 T&S 
12/9/2018 13:57 FL 28.2555 -82.6883 1 T&S 
12/20/2018 12:32 FL 27.4608 -82.2276 0 T&S 
12/26/2018 22:23 TX 34.931 -100.894 0 T&S 
12/31/2018 18:35 KY 36.89 -87.987 1 T&S 
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